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Abstract 
Films of Cu-K-In-Se were co-evaporated at varied K/(K+Cu) compositions and substrate 
temperatures (with constant (K+Cu)/In ~ 0.85). Increased Na composition on the 
substrate's surface and decreased growth temperature were both found to favor Cu1-
xKxInSe2 (CKIS) alloy formation, relative to mixed-phase CuInSe2 + KInSe2 formation. 
Structures from X-ray diffraction (XRD), band gaps, resistivities, minority carrier 
lifetimes and carrier concentrations from time-resolved photoluminescence were in 
agreement with previous reports, where low K/(K+Cu) composition films exhibited 
properties promising for photovoltaic (PV) absorbers. Films grown at 400-500°C were 
then annealed to 600°C under Se, which caused K loss by evaporation in proportion to 
initial K/(K+Cu) composition. Similar to growth temperature, annealing drove CKIS 
alloy consumption and CuInSe2 + KInSe2 production, as evidenced by high temperature 
XRD. Annealing also decomposed KInSe2 and formed K2In12Se19. At high temperature 
the KInSe2 crystal lattice gradually contracted as temperature and time increased, as well 
as just time. Evaporative loss of K during annealing could accompany the generation of 
vacancies on K lattice sites, and may explain the KInSe2 lattice contraction. This 
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knowledge of Cu-K-In-Se material chemistry may be used to predict and control minor 
phase impurities in Cu(In,Ga)(Se,S)2 PV absorbers—where impurities below typical 
detection limits may have played a role in recent world record PV efficiencies that 
utilized KF post-deposition treatments. 
 
Introduction 
 Recent reports have detailed power conversion efficiency enhancements when 
potassium fluoride and selenium have been co-evaporated onto Cu(In,Ga)(Se,S)2 (CIGS) 
absorbers at around 350°C (KF post-deposition treatment (PDT)).1-15 In particular, 6 of 
the last 8 world record CIGS efficiencies have employed a KF PDT,1, 3, 4, 12, 16, 17 
ultimately advancing the record efficiency from 20.3 to 22.6% in just ~3.5 yr. KF PDT 
successes in the laboratory have now been extended to commercially-relevant 
chalcogenized Cu(In,Ga)(Se,S)2 absorbers,
12 full size (0.75 m2) modules,13 and Cd-free 
Zn(O,S) buffers.2, 12, 18 Although the mechanisms responsible for these efficiency 
improvements are not clear, the KF PDT has been associated with multiple phenomena: 
increased hole concentration (e.g., by consuming InCu compensating donors to produce 
KCu neutral defects
19),5-8, 11, 14, 15, 19-23 decreased hole concentration (e.g., by consuming 
NaCu, which produces InCu compensating donors),
1, 8, 10 Na depletion or formation of 
soluble Na chemical(s),1, 5, 7, 8, 10, 13, 14, 22-25 Ga depletion at the surface,1, 8, 10, 13-15, 24, 26-28 
Cu depletion at the surface7, 13, 15 resulting in better near-surface inversion1, 8, 10, 29 or 
decreased valence band energy,14, 21, 26, 28, 30 grain boundary passivation,5, 12, 31 general 
defect passivation,2, 3, 12, 23 minority carrier lifetime enhancement,9, 15 morphology 
changes resulting in increased CdS nucleation sites,2, 10, 32 general changes in CdS 
growth,14, 26, 29 formation of a passivating K-In-Ga-Se10, 33 or K-In-Se14, 26-28 interfacial 
compound, formation of a current blocking interfacial compound,22 formation of 
elemental Se at the surface,14, 27 formation of surface Cu2-xSe and GaF3,
14 consumption of 
a surface 'ordered vacancy compound,'14 decreased trap concentration,24 and modified 
Cu-Ga-In interdiffusion.6, 20 Another group co-evaporated KF, In, and Se onto CIGS, 
forming either KInSe2 or K-doped amorphous In2Se3, and achieved results similar to a 
KF PDT.27 A PDT without KF (just Se) has also been shown to significantly alter CIGS 
absorbers,34, 35 calling into question what 'control' absorber is appropriate for KF PDT 
comparison. High absorber Na and K composition has also been linked to drastically 
accelerated degradation in photovoltaic (PV) performance,36 which may undermine the 
industrial relevance of initial performance gains achieved with high Na and K levels. 
Specifically, Na and K diffused into and degraded the ZnO layer after 100 h in damp heat 
and light,36 underscoring the importance of understanding alkali metal bonding in CIGS. 
 While the mechanisms underlying KF PDT effects remain uncertain, it has been 
established that a relatively large amount of K is present at the p-n junction in the most 
efficient solar cells.1 These advances have heightened interest in Cu-K-In-Se material 
with group I-poor (i.e. (K+Cu)/In ~ 0.85) and K-rich (x > 0.30) compositions. In a 
departure from work utilizing KF precursors and PDTs, Cu, KF, In, and Se were co-
evaporated to form Cu1-xKxInSe2 (CKIS) alloys with K/(K+Cu) composition, or x, varied 
from 0 to 1.25, 37, 38 Increasing x in CKIS was found to monotonically decrease the 
chalcopyrite lattice parameter, increase the band gap, and increase the apparent carrier 
concentration. Moderate K compositions (0 < x < 0.30) exhibited significantly longer 
minority carrier lifetimes,37, 38 relative to x ~ 0 and x ≥ 0.30. Superior PV performance 
was also observed for x ~ 0.07 for a Ga-alloyed film with Ga/(Ga+In) ~ 0.3.23 The 
substrate surface's Na composition was also found to determine the relative amount of 
CKIS alloy formation during growth, relative to CuInSe2 + KInSe2 mixed-phase 
formation.25 Those studies are extended in the present work to include the effect of 
temperature on phase formation in Cu-K-In-Se with compositions of interest for PV 
applications. The open questions concerning K bonding in CIGS are thereby addressed 
through investigating chemistry of the Cu-K-In-Se material system. 
 
Experimental Section 
 Most CIGS films are grown with Ga/(Ga+In) ~ 0.2 – 0.3 and intentional gradients 
in cation composition.1, 39, 40 However, Ga has presently been excluded to simplify data 
interpretation. A constant rate, single temperature process was also chosen to achieve 
uniformity in depth and avoid compositional gradients–as KF6, 20 and Na41, 42 have been 
shown to affect cation diffusion in CIGS. Co-evaporation of Cu, KF, In, and Se was 
performed on substrates of SLG and SLG/Mo ("Mo") at 400°C, 500°C, or 600°C, as 
previously detailed.38 The (K+Cu)/In composition was maintained near 0.85 for all films, 
while K/(K+Cu) was varied between 0 and 1. Deposited film compositions were 
measured with X-ray fluorescence (XRF), secondary ion mass spectrometry (SIMS), and 
energy dispersive X-ray spectroscopy (EDS on a transmission electron microscope). As 
noted,38 peak overlap between K and In reduced the certainty of XRF and EDS, so film 
compositions from in situ electron impact emission spectroscopy (EIES) and quartz 
crystal microbalance data were used unless otherwise noted. Interference between 
39K41K+ and 80Se+ ions was observed in SIMS on films with high K content (x ≥ 0.38), so 
76Se+ ions were used. Symmetric X-ray diffraction (XRD) was performed with a Rigaku 
Ultima IV diffractometer to determine structure and assist in phase identification, as 
previously reported.38 Standard diffraction patterns were calculated from published phase 
structures.38, 43, 44 Film morphology was observed using scanning electron microscopy 
(SEM). Ultraviolet-visible (UV-visible) spectroscopy was performed to measure 
transmissivity and reflectivity of SLG/Cu-K-In-Se samples using a Cary 5000 
spectrophotometer with a diffuse reflectance integrating sphere. Film thicknesses were 
measured with a Dektak 8 profilometer. Electron-beam evaporation of ~50 nm Ni, 
followed by ~3 μm Al through ~1.5 mm2 apertures (normally used for solar cell grids) 
formed top contacts for current-voltage (IV) measurements. IV measurements were 
performed on a temperature-controlled stage at 25°C. Room temperature time-resolved 
photoluminescence (TRPL) was performed on absorber films with a 905 nm laser (1.37 
eV) under low-injection conditions, and the response was detected with a near-infrared 
photomultiplier tube responsive to photons in the range 0.92 to 1.31 eV (details of the 
fiber optic system have been published elsewhere45). Peak TRPL signals were used to 
estimate majority carrier concentrations by assuming a constant radiative coefficient for 
all samples, and single exponential functions were fit to decays to estimate minority 
carrier lifetimes. Films were annealed in vacuum by supplying evaporated Se, and 
heating at 100°C/min to 600°C, holding for 10 - 80 min, and cooling at 20°C/min. 
Samples and elemental Se were sealed in a holder with Al windows, which was purged 
with N2, which was heated up to 600°C while symmetric high temperature XRD 
(HTXRD) was performed. For ramps, temperature was rapidly increased by 10 or 20°C 
increments, followed by an 8 min XRD scan at constant temperature. For dwells, the 
temperature was rapidly ramped (100°C/min) to the set point, and held for the duration of 
the scans. 
 
Results 
 Effect of Growth Temperature 
  High Na Substrates (SLG) 
 Baseline films with K/(K+Cu), or x ~ 0 (CuInSe2) grown at 500°C had more 
narrow, intense XRD peaks and more precipitous absorptivity onsets by UV-visible 
spectroscopy, relative to 400°C growths (not shown)—products of enhanced crystallinity 
at higher growth temperature. The K-free CuInSe2 films did not exhibit shifts in either 
XRD peaks or extrapolated band gaps with growth temperature. Films of Cu-K-In-Se 
with K/(K+Cu), or x ~ 0.38 were grown on SLG substrates at 500°C and 600°C. The 
500°C film was homogenous and had a finer grain structure, possibly indicating an 
increased nucleation rate, relative to the 600°C film (Figure 1). On the other hand, the 
600°C film exhibited segregation of large, planar crystals (right of Figure 1). These 
precipitates appeared to be KInSe2, based on previous reports.
25, 38 The differences 
between the 500°C and 600°C growth temperatures on SLG were similar to the 
differences between SLG and Mo substrates previously reported at 500°C.25 Films were 
also grown with x ~ 0.57, and room temperature XRD showed that at 500°C the CKIS 
alloy formed to completion (Figure 2), as inferred from chalcopyrite lattice parameter 
reduction.38 The 600°C film had chalcopyrite peaks corresponding to x ~ 0 (CuInSe2), as 
well as KInSe2. The XRD results were corroborated by UV-visible spectroscopy: the 
500°C film had a weak absorptivity onset that was nonlinear in the Tauc plot, and yielded 
a band gap of 1.28 eV (Figure S1), as expected for a CKIS film with x ~ 0.57.38 The 
600°C film had two absorptivity transitions, which were linear in the Tauc plot, and 
yielded 0.90 and 2.50 eV band gaps—similar to the values for CuInSe2 and KInSe2 (1.05 
and 2.71 eV38). The nonlinearity in the 500°C film reduced the certainty of its band gap, 
and the 600°C film's mixed phases violated the assumptions for extrapolating band gap 
with a Tauc plot, so these values were considered rough. 
 
Figure 1. Plan view (top) and cross-sectional (bottom) SEM micrographs of Cu-K-In-Se 
films with K/(K+Cu), or x ~ 0.38 grown on SLG at 500°C (left) and 600°C (right). 
 Figure 2. Room temperature symmetric XRD scans from Cu-K-In-Se films with 
K/(K+Cu), or x ~ 0.38 grown on SLG at 600°C (top; red) and 500°C (bottom; black). 
CuInSe2, CKIS, and KInSe2 peaks are labeled with red diamonds, green circles, and 
purple triangles, respectively. 'β' and 'W' peaks are from Cu Kβ and W impurity in the Cu 
radiation source. 
1.0 1.5 2.0 2.5 3.0
0.0
4.0x10
10
8.0x10
10
 
 
(
h

)2
 (
e
V
/c
m
)2
Energy (eV)
4.0x10
4
8.0x10
4
1.2x10
5
600°C
 
 

 (
c
m
-1
)
500°C
1.0 1.2
0.0
2.0x10
9
 
(
h

)2
 (
e
V
/c
m
)2
Energy (eV)
(a)
(b)
 
Figure S1. (a) Absorptivity, α, and (b) Tauc plot, (αhν)2, versus photon energy for Cu-K-
In-Se with K/(K+Cu), or x ~ 0.57 grown on SLG at 500°C (black circles) and 600°C (red 
triangles). Example least squares fits (green lines in (b) and (b) inset) extrapolated to 
1.28, 0.90, and 2.50 eV. 
   Low Na Substrates (Mo) 
 Substrates of Mo were previously shown to establish 3x less Na in the growing 
Cu-K-In-Se films by SIMS.25 The effect of temperature on Na-deficient growth was 
studied for Cu-K-In-Se films with x ~ 0 and 0.38 on Mo at 400°C and 500°C. The x ~ 0 
film exhibited enhanced crystallinity at higher growth temperature, but no XRD peak 
shifts (not shown). The film with x ~ 0.38 in Figure 3 (right) had a composition of 20.5 ± 
1.4 Cu, 10.6 ± 1.0 K, 18.1 ± 0.8 In, and 50.9 ± 2.0 Se (at. %) by EDS (x ~ 0.341 ± 0.030), 
in rough agreement with the values from in situ measurement (13.8 Cu, 8.6 K, 27.6 In, 
and 50.0 Se (at. %); x ~ 0.376). The film grown at 400°C was homogenous, and had a 
finer grain structure, relative to 500°C (Figure 3). This could relate to an increased 
nucleation rate, which would be expected at lower growth temperature. The 500°C film 
had large, planar KInSe2 precipitates (right of Figure 3). The experiment was repeated 
with x ~ 0.57, and XRD on the 400°C film showed completely alloyed CKIS, while the 
500°C film had mixed-phase CuInSe2 + KInSe2 (Figure 4). Thus, changing growth 
temperature and substrate Na revealed very similar trends in phase growth.25 The 400°C 
film had additional peaks at 17.9 and 29.6° 2θ. These peaks were also observed in a 
similarly grown x ~ 0.38 film (not shown), only shifted to larger d-spacing. Therefore, 
they were tentatively assigned to CKIS. Previous reports on bulk Cu0.33K0.67InSe2 crystals 
found monoclinic symmetry.46, 47 These XRD peaks could relate to the structural 
transition from tetragonal CuInSe2 to monoclinic Cu0.33K0.67InSe2, warranting future 
study. 
 The resistivity of films grown on Mo at 400°C was measured for Mo/Cu-K-In-
Se/Ni stacks with varied K/(K+Cu), or x composition. Increasing x decreased apparent 
resistivity at 0 V and in reverse bias (Figure S3), and indicated a current blocking barrier 
for the Mo and/or Ni interface.38 The resistivities of films grown at 400°C were larger 
than those grown at 500°C by roughly 2 decades,38 while the trends with composition 
changes were very similar for each growth temperature. The correlation between apparent 
resistivity and x may therefore be unrelated to the intragranular properties of the CuInSe2, 
CKIS, or KInSe2 crystals. As noted,
38 some undetected grain boundary-segregated phase 
could dominate the apparent resistivity changes.48 Bulk crystal resistivity measurements 
could help discern this effect. Films grown on Mo had superior lifetimes by TRPL, 
relative to SLG substrates. TRPL lifetimes and carrier concentrations for Cu-K-In-Se 
films grown on Mo at 400°C, 500°C, and 600°C at different x compositions are in Figure 
S4. Growth temperature and composition changed the phase constitution of the films and 
their semiconducting properties, so the mechanisms responsible for the trends in Figure 
S4 were unclear. Further study with spectrally-resolved TRPL could reveal connections 
between improved lifetimes and CKIS alloy formation or consumption. 
 Figure 3. Plan view (top) and cross-sectional (bottom) SEM micrographs of Cu-K-In-Se 
films with K/(K+Cu), or x ~ 0.38 grown on Mo at 400°C (left) and 500°C (right). 
 
Figure 4. Room temperature symmetric XRD scans from Cu-K-In-Se films with 
K/(K+Cu), or x ~ 0.57 grown on Mo at 500°C (top; black) and 400°C (bottom; blue). 
Mo, CuInSe2, CKIS, and KInSe2 peaks are labeled with black squares, red diamonds, 
green circles, and purple triangles, respectively. A question mark (?) denotes uncertainty 
in the peak assignment. 'β' and 'W' peaks are from Cu Kβ and W impurity in the Cu 
radiation source. 
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Figure S2. Apparent resistivity at 0 V bias (black circles) and -0.8 V bias (blue triangles) 
of Mo/CKIS/Ni versus in situ K/(K+Cu), or x composition of the CKIS. CKIS was grown 
at 400°C, and standard deviations from multiple contacts are shown as error bars. 
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Figure S3. Minority carrier lifetime (a) and majority carrier concentration (b) from TRPL 
versus in situ K/(K+Cu), or x composition of the Cu-K-In-Se grown on Mo at 600°C (red 
plusses), 500°C (black circles), and 400°C (blue crosses). 
 
 Effect of Annealing 
 Cu-K-In-Se films were grown on Mo and SLG substrates at 400°C and 500°C, 
and were then annealed to 600°C for 10 - 80 min under vacuum. Films exhibited 
increased growth of KInSe2 crystals after annealing (e.g. Figure S4). XRD and UV-
visible spectroscopy both showed that CKIS alloys decomposed into CuInSe2 + KInSe2 
during anneals (Figures S5 and S6), mirroring behavior at increased growth temperature 
(Figures 2, 4, and S1). K-In-Se (x ~ 1) films grown at 500°C predominantly contained 
KInSe2, although K2In12Se19 impurities were typical.
38 The band gap of K2In12Se19 was 
determined to be 2.25 ± 0.02 eV by UV-visible spectroscopy (not shown), in qualitative 
agreement with its reported red appearance.49 Annealing K-In-Se films to 600°C caused 
some KInSe2 decomposition and K2In12Se19 formation (Figure S7). Subsequent humid air 
exposure caused film delamination, preventing extensive characterization. On the other 
hand, as-grown KInSe2 and K2In12Se19 films did not decompose after prolonged (30 d) 
humid air exposure. 
 HTXRD was used to directly probe the apparent high temperature phase 
transitions. A CKIS alloy with x ~ 0.57 (grown at 400°C on SLG) was heated to 600°C 
(Figure 5). KInSe2 peaks appeared in the 290 - 450°C range. Near 410°C, the CKIS 
developed (220)/(204) texture. At 430°C the background signal increased, possibly due to 
a phase transition or recrystallization (e.g. the L <-> K2Se + K2Se2 invariant reaction was 
reported near 430°C50, 51). At 420 - 450°C the CKIS peaks abruptly shifted to larger d-
spacing, and very intense KInSe2 peaks simultaneously appeared. The KInSe2 peaks at 
460°C corresponded with 1% longer a, b, and c lattice parameters. As the temperature 
ramp continued, however, the KInSe2 lattice continuously compressed isotropically (i.e. 
peaks at greater 2θ displayed greater shifts). Another peak shifted to smaller 2θ values in 
Figure 5 (50° 2θ and 520°C), although the source of that shift was unclear. 
 To further study the peak shifts at high temperature observed in Figure 5, dwell 
and temperature ramp HTXRD was performed on a K-In-Se film (x ~ 1; grown on SLG 
at 500°C). The dwell at 550°C (Figure 6 (a)) also exhibited substantial peak shifts, 
indicative of some kinetic-limited reaction. The temperature ramp showed that the 
K2In12Se19 + KInSe2 mixed-phase film recrystallized into KInSe2 near 410 - 450°C 
(Figure 6 (b)). The high temperature KInSe2 peaks then shifted to smaller d-spacing as 
temperature and time increased, similar to the shifts of Figures 5 and 6 (a). Other peaks 
shifted to smaller 2θ values in Figures 6 (a) and (b) (near 31, 42, 50, 55, and 60° 2θ and 0 
hr, and 32, 42, 50, 55, and 61° 2θ and 520°C, respectively), although the source of those 
shifts was unclear. The background increased near 230°C in Figure 6 (b), possibly a 
result of melting Se. The background increase at 430°C in both Figures 5 and 6 (b) may 
have emerged from a K-In-Se phase transition or recrystallization. 
 The XRF composition after anneals showed reduced K content for all x > 0, 
where more K loss occurred in films with greater initial K content (Figure 7). A CuInSe2 
film (x ~ 0) contained more Na and K by SIMS after a 600°C anneal (Table 1)—
attributed to increased Na and K out-diffusion from the substrate. However, the CKIS 
film with x ~ 0.38 showed substantially less K by SIMS after annealing (Na increased 
similar to the x ~ 0 case). The XRF and SIMS demonstrated that K loss occurred during 
annealing, although it was kinetically inhibited, as residual K also remained after 80 min 
anneals. As K loss occurred in addition to other phase transitions, any causal connection 
was unclear from the data. 
 Figure S4. Plan view (top) and cross-sectional (bottom) SEM micrographs of a Cu-K-In-
Se film with K/(K+Cu), or x ~ 0.38 grown on SLG at 500°C (left) and then annealed at 
600°C for 10 min (right). 
 
Figure S5. Room temperature symmetric XRD scans from a Cu-K-In-Se film with 
K/(K+Cu), or x ~ 0.57 grown on SLG at 500°C (bottom; black), and then annealed at 
600°C for 10 min (top; red). CuInSe2, CKIS, K2In12Se19, and KInSe2 peaks are labeled 
with red diamonds, green circles, orange up triangles, and purple down triangles, 
respectively. 'β' and 'W' peaks are from Cu Kβ and W impurity in the Cu radiation source. 
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Figure S6. (a) Absorptivity, α, and (b) Tauc plot, (αhν)2, versus photon energy for CKIS 
with K/(K+Cu), or x ~ 0.57 grown on SLG at 500°C (black circles) and then annealed at 
600°C for 10 min (red triangles). Example least squares fits are shown (green lines in (b) 
and (b) inset) extrapolated to 1.32, 0.86, and 2.71 eV. 
 
Figure S7. Room temperature symmetric XRD scans from a K-In-Se film (x ~ 1) grown 
on SLG at 500°C (bottom; black), and then annealed at 600°C for 80 min (top; red). 
K2In12Se19 and KInSe2 peaks are labeled with orange up triangles and purple down 
triangles, respectively. 
 
Figure 5. HTXRD temperature ramp for SLG/CKIS with K/(K+Cu), or x ~ 0.57 grown at 
400°C. CuInSe2, CKIS, and enlarged-lattice-KInSe2 peaks are labeled with red diamonds, 
green circles, and purple triangles, respectively. The enlarged-lattice-KInSe2 peaks were 
calculated with a 1% increase in the a, b, and c lattice parameters. A question mark (?) 
denotes uncertainty in the peak assignment. 
 
Figure 6. HTXRD dwell at 550°C (a) and temperature ramp (b) for SLG/K-In-Se (i.e. 
K/(K+Cu), or x ~ 1) grown at 500°C. K2In12Se19 and KInSe2 peaks are labeled with 
orange up triangles and purple down triangles, respectively. 
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Figure 7. Change in K composition by XRF after annealing Cu-K-In-Se films at 600°C, 
plotted against in situ K/(K+Cu), or x composition. Films were grown at 400°C and 
500°C, on SLG and Mo substrates, and annealed for 10, 20, or 80 min. 
 
Table 1. Na and K SIMS signals integrated over the film and divided by thickness for Cu-
K-In-Se films with in situ K/(K+Cu), or x of 0 and 0.38 grown at 500°C on Mo, and then 
annealed at 600°C for 10 min. 
K/(K+Cu), or x Sample Na (cps/μm) K (cps/μm) 
0 
Annealed 4.7 × 105 1.4 × 104 
500°C growth 1.6 × 104 4.6 × 103 
0.38 
Annealed 2.3 × 106 1.0 × 106 
500°C growth 7.0 × 105 3.0 × 106 
 
 
Discussion 
 The effect of growth parameters on the extent of the following net reaction was 
further solidified: 
CuInSe2 + KInSe2 <—> 2 Cu0.5K0.5InSe2     (1) 
Switching from low to high Na substrates at 500°C was previously shown to favor the 
forward reaction. In this study, switching from high to low temperature was shown to 
further drive the reaction forward. Remarkably similar effects were observed for the 
following 3 process changes: from Mo to SLG at 500°C, from 600°C to 500°C on SLG, 
and from 500°C to 400°C on Mo. Further study will be needed to determine the 
quantitative effects of Na and temperature, as well as the kinetic and/or thermodynamic 
origins of those effects. The effect of temperature was easily observed on samples with 
high K/(K+Cu) compositions. At lower K/(K+Cu) compositions, the magnitudes of 
lattice parameter and band gap shifts would make this effect difficult to observe with the 
presently employed methods. Future data on lower K/(K+Cu) compositions could help 
clarify the role of a potential CKIS miscibility gap in the presently observed phase 
transitions. Upon reversal of reaction (1), the CuInSe2 precipitates could have contained 
K, where measurements of K solubility in bulk chalcopyrite CIGS crystals would help 
characterize this. 
 The SEM, XRD, UV-visible spectroscopy, and HTXRD results on samples 
annealed under vacuum and atmospheric pressure resembled results for growth 
temperature, where high temperature annealing reversed reaction (1). Annealing 
additionally consumed KInSe2 and produced K2In12Se19. However, relative phase 
amounts of KInSe2 and K2In12Se19 were difficult to distinguish due to peak overlap in 
XRD (e.g. Figure S5) and similar band gaps: 2.71 eV37, 52 compared to 2.25 ± 0.02 eV, 
respectively. It was therefore unclear if the KInSe2 decomposition and K2In12Se19 
formation was also driven by growth temperature, or just annealing. The combined XRF 
and SIMS results indicated that K loss occurred during the anneals. The reduction in K 
chemical potential during annealing achieved conditions unlike increasing growth 
temperature, as K chemical potential was held relatively constant in the latter. 
 Based on the combined XRD, UV-visible spectroscopy, HTXRD, XRF, and 
SIMS data, the following net reaction was favored at high temperature and reduced K 
chemical potential: 
12 KInSe2 (s) —600°C—> K2In12Se19 (s) + 5 K2Se (g)   (2) 
Here, the gaseous K-containing species was assumed to be K2Se for the sake of 
illustration, as no K-Se vapor pressure data has been published. The KInSe2 had (53-
8)/(51-9)/(356)/(15-8) texture in Figures 5 and 6 (b), while it had (22-2)/(221) texture in 
Figure 6 (a). However, the contraction of the KInSe2 lattice at high temperature (Figures 
5, 6 (a), and 6 (b)) was apparently isotropic, so it may not stem from external stress. On 
the other hand, an isotropic reduction in KInSe2 lattice volume may be expected for the 
following reaction: 
10 KInSe2 (s) + Se (g) —600°C—> 10 K0.8InSe2 (s) + K2Se (g)  (3) 
As shown, the formation of vacancies on K lattice sites (VaK) in KInSe2 could have 
accompanied the evaporative loss of K. In this way, the observed K loss could cause the 
KInSe2 contraction observed at high temperature, as well as the KInSe2 consumption and 
K2In12Se19 formation. 
 Continuous peak shifts to smaller 2θ (larger d-spacing) were also found at 500-
600°C in Figures 5, 6 (a), and 6 (b). These were likely attributable to phase transitions or 
recrystallization. There were many candidate compounds: In4Se3, InSe, In6Se7, In9Se11, 
In5Se7, 4 polymorphs of In2Se3,
53 K2In12Se19,
43 the Se analog of KIn5S8 (if it exists),
54 
KIn3Se5,
52 KInSe2,
44, 46, 52 K4In2Se5,
52 K12In2Se9,
55 K9InSe7,
55 K2Se, K2Se2, K2Se4, K2Se5, 
and K2Se6.
50, 51 The structures of KIn3Se5, K4In2Se5, K2Se2, K2Se4, K2Se5, and K2Se6 have 
not been published. Phase diagrams and structural information for the K-In-Se system 
could help decipher these high temperature peak shifts. 
 Growth temperature and annealing established different K chemical potentials, 
but yielded similar results, so the role of substrate Na and temperature may be separate 
from K chemical potential. Equilibration experiments could assist in determining the 
specific role of K chemical potential on phase equilibrium in the Cu-K-In-Se system, as 
well as any thermodynamic component to the extent of reaction (1). While chemical 
reactions have been shown to occur during KF PDTs,1, 5, 7, 8, 10, 13-15, 21-30, 33 the specific 
reactants, products, extents and desirability of the reactions are relatively uncertain. The 
present work has outlined the stability of CuInSe2 + KInSe2 (relative to CKIS) for various 
conditions, and contributes to understanding the material chemistry behind the PV 
performance enhancements/detriments of KF PDTs, guiding more robust process 
engineering for K introduction, and identifying probable reactants and products in long-
term degradation studies. 
 
Conclusions 
 The effect of temperature on phase formation in the Cu-K-In-Se material system 
was studied. Increased substrate Na composition was previously shown to drive CKIS 
alloy formation (relative to CuInSe2 + KInSe2 mixed phases) during co-evaporation.
25 For 
Na-rich SLG substrates, changing growth temperature from 600°C to 500°C also drove 
the formation of CKIS alloys, as evidenced by SEM, XRD, and UV-visible spectroscopy. 
Na-poor Mo substrates clearly exhibited the same effect on changing growth temperature 
from 500°C to 400°C. CKIS alloy formation was therefore favored, relative to CuInSe2 + 
KInSe2, at increased substrate Na and decreased temperature. Films had resistivities, 
minority carrier lifetimes, and carrier concentrations in line with previous reports.25, 37, 38 
Films grown at 400°C and 500°C were annealed to 600°C, and showed K loss in 
proportion to initial film K content (XRF and SIMS). Annealing established increased 
temperature and decreased K chemical potential, while also reversing reaction (1) and 
advancing reaction (2) forward (by SEM, XRD, UV-visible spectroscopy, and HTXRD). 
Annealing's effect on reaction (1) was in excellent agreement with increased growth 
temperature results, despite the differences in K chemical potential for the 2 
experiments—evidence that K chemical potential was not the mechanism by which 
temperature and substrate Na affected CKIS alloy formation, although phase diagram 
studies would be needed to affirm or refute this inference. The KInSe2 lattice exhibited 
contraction at high temperature that progressed with temperature and time, as well as just 
time. This could have been a result of VaK formation, driven by K evaporation (e.g. 
reaction (3)). However, other unexplained HTXRD peak shifts were observed at high 
temperature, and more structural and phase equilibrium data for K-In-Se will be needed 
to better understand these transitions. The present study has identified promising 
strategies for understanding and ultimately engineering K bonding in CIGS to maximize 
initial and long-term PV performance: Process conditions were used to establish relative 
CuInSe2, CKIS, KInSe2, and K2In12Se19 phase amounts. The growth trends may prove 
useful for predicting the presence or absence of minor phase impurities below typical 
detection limits—impurities that could dominate PV-relevant electronic properties. 
Furthermore, the results lay a foundation for identifying the thermodynamic and/or 
kinetic mechanisms ultimately controlling the formation of each Cu-K-In-Se phase, as 
well as predicting probable degradation routes in reliability studies. 
 
Acknowledgement 
The authors thank Stephen Glynn for a key suggestion, Kannan Ramanathan for 
leadership, Lorelle Mansfield, Carolyn Beall, Karen Bowers, and Stephen Glynn for 
assistance with experiments, Clay DeHart for contact deposition, Matt Young for SIMS, 
and Bobby To for SEM. TEM/EDS and HTXRD were performed at the Center for 
Nanophase Materials Sciences at Oak Ridge National Laboratory. The work was 
supported by the U.S. Department of Energy under contract DE-AC36-08GO28308. 
 
Supporting Information Description 
Absorptivity data for CKIS with x ~ 0.57 grown at 500°C and 600°C, resistivity data for 
Mo/CKIS/Ni grown at 400°C at varied x composition, TRPL data for CKIS grown at 
400°C, 500°C, and 600°C as a function of x composition, SEM micrographs of CKIS 
with x ~ 0.38 before and after annealing, XRD of CKIS with x ~ 0.57 before and after 
annealing, absorptivity data of CKIS with x ~ 0.57 before and after annealing, and XRD 
of CKIS with x ~ 1 before and after annealing are shown. 
 
References 
  
 
1. Chirilă, A.; Reinhard, P.; Pianezzi, F.; Bloesch, P.; Uhl, A. R.; Fella, C.; Kranz, 
L.; Keller, D.; Gretener, C.; Hagendorfer, H.; Jaeger, D.; Erni, R.; Nishiwaki, S.; 
Buecheler, S.; Tiwari, A. N., Potassium-induced surface modification of Cu(In,Ga)Se2 
thin films for high-efficiency solar cells. Nat Mater 2013, 12, (12), 1107-1111. 
2. Friedlmeier, T. M.; Jackson, P.; Bauer, A.; Hariskos, D.; Kiowski, O.; Wuerz, R.; 
Powalla, M., Improved Photocurrent in Cu(In,Ga)Se2 Solar Cells: From 20.8% to 21.7% 
Efficiency with CdS Buffer and 21.0% Cd-Free. Photovoltaics, IEEE Journal of 2015, 5, 
(5), 1487-1491. 
3. Jackson, P.; Hariskos, D.; Wuerz, R.; Kiowski, O.; Bauer, A.; Friedlmeier, T. M.; 
Powalla, M., Properties of Cu(In,Ga)Se2 solar cells with new record efficiencies up to 
21.7%. physica status solidi (RRL) – Rapid Research Letters 2015, 9, (1), 28-31. 
4. Jackson, P.; Hariskos, D.; Wuerz, R.; Wischmann, W.; Powalla, M., 
Compositional investigation of potassium doped Cu(In,Ga)Se2 solar cells with 
efficiencies up to 20.8%. physica status solidi (RRL) – Rapid Research Letters 2014, 8, 
(3), 219-222. 
5. Laemmle, A.; Wuerz, R.; Powalla, M., Efficiency enhancement of Cu(In,Ga)Se2 
thin-film solar cells by a post-deposition treatment with potassium fluoride. physica 
status solidi (RRL) – Rapid Research Letters 2013, 7, (9), 631-634. 
6. Laemmle, A.; Wuerz, R.; Powalla, M., Investigation of the effect of potassium on 
Cu(In,Ga)Se2 layers and solar cells. Thin Solid Films 2015, 582, 27-30. 
7. Mansfield, L. M.; Noufi, R.; Muzzillo, C. P.; DeHart, C.; Bowers, K.; To, B.; 
Pankow, J. W.; Reedy, R. C.; Ramanathan, K., Enhanced performance in Cu(In,Ga)Se2 
solar cells fabricated by the two-step selenization process with a potassium fluoride 
postdeposition treatment. Photovoltaics, IEEE Journal of 2014, 4, (6), 1650-1654. 
8. Pianezzi, F.; Reinhard, P.; Chirilă, A.; Bissig, B.; Nishiwaki, S.; Buecheler, S.; 
Tiwari, A. N., Unveiling the effects of post-deposition treatment with different alkaline 
elements on the electronic properties of CIGS thin film solar cells. Physical Chemistry 
Chemical Physics 2014, 16, (19), 8843-8851. 
9. Pianezzi, F.; Reinhard, P.; Chirilă, A.; Nishiwaki, S.; Bissig, B.; Buecheler, S.; 
Tiwari, A. N., Defect formation in Cu(In,Ga)Se2 thin films due to the presence of 
potassium during growth by low temperature co-evaporation process. Journal of Applied 
Physics 2013, 114, (19), 194508-8. 
10. Reinhard, P.; Bissig, B.; Pianezzi, F.; Avancini, E.; Hagendorfer, H.; Keller, D.; 
Fuchs, P.; Döbeli, M.; Vigo, C.; Crivelli, P.; Nishiwaki, S.; Buecheler, S.; Tiwari, A. N., 
Features of KF and NaF Postdeposition Treatments of Cu(In,Ga)Se2 Absorbers for High 
Efficiency Thin Film Solar Cells. Chemistry of Materials 2015, 27, (16), 5755-5764. 
11. Raguse, J. M.; Muzzillo, C. P.; Sites, J. R., Effects of sodium and potassium on 
the photovoltaic performance of CIGS solar cells. Journal of Photovoltaics 2016, 
submitted. 
12. Kamada, R.; Yagioka, T.; Adachi, S.; Handa, A.; Tai, K. F.; Kato, T.; Sugimoto, 
H. In New world record Cu(In,Ga)(Se,S)2 thin film solar cell efficiency beyond 22%, 
Photovoltaic Specialist Conference (PVSC), 2016 IEEE 43rd, Portland, OR, 2016; 
Portland, OR, 2016; p in press. 
13. Lundberg, O.; Wallin, E.; Gusak, V.; Södergren, S.; Chen, S.; Lotfi, S.; Chalvet, 
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